ABSTRACT In this paper, we proposed an upper-limb post-stroke rehabilitation system integrating a motion tracking device (MTD), a portable electroencephalogram (EEG) device for an attentional feedback, and interactive virtual reality (VR) game with the goal to assist patients in upper-limb rehabilitation. Fifteen post-stroke patients were recruited and randomly assigned to a control group (A) or one of two experimental groups (B and C). Group B played the game using a MTD and group C played it using a MTD and braincomputer-interface-based attention-monitoring EEG device. In group C, patients' attention was measured in real time using the EEG while the patients performed tasks; visual and auditory stimuli were emitted when their attention lowered. The primary outcome was a change in score on the upper extremity section of the Fugl-Meyer assessment, which was used to evaluate the severity of motor impairment and indicate any improvement of motor function. Improvement in motor function, associated with game performance, was found in group C. Based on their performance quality during 12 training sessions, the higher performance of group C patients in the VR game was significantly correlated with attention level and motor performance. Higher attention level is associated with higher game performance after 12 training sessions, and our MTD-EEG-VR training system may facilitate the improvement of motor function and assist patients in upper-limb rehabilitation. Our MTD-EEG-VR game with the attentional EEG-feedback device is a potential intervention for improving motor function in patients with stroke.
I. INTRODUCTION
For post-stroke patients, the purpose of rehabilitation is to help them recover the ability to engage in activities of daily living, such as showering, eating, and dressing, without assistance [1] . A therapist arranges individual treatment according to a patient's impairment, and the rehabilitation tasks may include stacking bricks, flipping pieces of card, and biking. Rehabilitation involves repeating a movement to strengthen the motor function of an impaired body part. However, performing the same movement for a long time is tiring and may cause patients to develop a negative attitude toward their treatment, thereby reducing its effectiveness [2] . Many recent studies have shown that the use of virtual reality (VR)-based video games for rehabilitation can improve rehabilitation effectiveness [3] - [5] . Their main purpose is to improve patients' attitudes toward treatment by engaging them in the VR game. At present, several studies are focusing on VR-based rehabilitation systems; depending on their architecture, these systems are classified as mechanical [6] - [9] , optical [10] , [11] , or sensory [12] - [16] .
Some researchers have used VR to increase a patient's interest in rehabilitation, and thereby improve rehabilitation effectiveness; furthermore, the effects of rehabilitation-related activities on the brain have been monitored using electroencephalography (EEG) for reference. For example, in 2013, Steinisch et al. [6] designed a roboticsbased system, ''Trackhold,'' to record the trajectory of the hand of a participant playing VR games, and used EEG equipment to monitor in real time the brain activity of the participant during rehabilitative treatment. After treatment, the EEG measurements were analyzed to determine whether the participant's brain activity satisfied the objectives of the treatment. Also in 2013, Tunik et al. [16] combined a 5DT data glove, functional magnetic resonance imaging (fMRI), and a simple VR system to synchronously record a participant's brain activity during a task. These two studies suggest that VR-based training can be exploited in neurorehabilitation to enhance the processes of brain reorganization after injury; moreover, they might be especially useful in aiding the recovery of hand function in patients. However, fMRI equipment is large and expensive; therefore, these experiments can only be performed in certain hospitals. The aforementioned studies developed different upper-limb rehabilitation systems to improve traditional rehabilitation systems. Through visual and auditory feedback, a VR game makes rehabilitation more interesting by turning it into an interactive game that can be played in a relaxed situation, thereby improving rehabilitation effectiveness. Notably, the game must not be too complex for patients and must involve movements similar to those in traditional rehabilitation, in order to enhance and provide more options in addition to traditional therapy. If the VR game is too difficult, patients will quickly burn out. Moreover, when the novelty of the game wears off, patients are likely to feel tired and bored, and may no longer concentrate on it. Lohse et al. [5] noted that the effect size of the VR game in rehabilitation was approximately 0.56, which indicates that 56% of the participants in that study showed more substantial improvement by engaging in VR gamebased rehabilitation. Some studies on concentration have found that people perform optimally at some tasks when they are in the balance attention state, which is hypothesized to trigger the most efficient performance [17] . Therefore, both external (e.g., factors associated with a VR game-based rehabilitation system) and internal (e.g., attention) factors strongly influence the effectiveness of rehabilitation.
In this study, a novel upper-limb stroke rehabilitation system that integrates a motion tracking device (MTD) (to track a patient's movement), EEG device (for the realtime monitoring of the patient's attention), and VR game (to enhance the patient's interest) is presented. This system has the same advantages as sensor-based systems: it is light, easy to operate, and inexpensive. Information about hand movement, such as acceleration and angular velocity, is measured as the patient controls an object in the game, and the difficulty of the game is adjusted automatically. The system monitors the patient's brain activity in real time to ensure that the patient receives visual and auditory stimuli when his or her attention is poor. To examine the clinical benefits of this novel system in the motor improvement of stroke survivors, the Fugl-Meyer [31] assessment of the upper extremity section (FMA-UE) is applied as the primary indicator that reflects the improvement of motor function. The FMA-UE is the most widely used system for evaluating motor impairment in upper limbs after stroke. In addition, the FMA-UE is a reliable and highly recommended measure in clinical research [39] - [42] . Based on aforementioned clinical results, the hypothesis of the present study was that the patients receiving serial MTD-EEG-VR training sessions may improve functional recovery of their affected upper extremities, as measured by the improved FMA-UE scores, enhanced attention level, and increased game performance.
II. SYSTEM ARCHITECTURE AND DESIGN
This article presents a system for rehabilitating patients who have upper-limb impairment after a stroke. The system includes an MTD, EEG device, and VR game; Fig. 1 shows its architecture. The MTD and EEG device are small and light and support wireless transmission. Together, they constitute a rehabilitation system that enables users to play a game in an unconstrained and comfortable environment on a horizontal table. To facilitate wireless transmission, the MTD and EEG device are connected to a laptop through Bluetooth; the laptop receives data from the MTD and EEG device, runs the game, and records performance data. 
A. MOTION TRACKING DEVICE
The MTD is a novel and customized design that corresponds to a VR game to improve rehabilitation training efforts for forearm pronation and supination. These are two essential movements required in many activities of daily living, and among those which stroke survivors most desire to recover. The MTD is designed to track hand movements, including its trajectory and the angles of forearm pronation and supination, and the corresponding acceleration and angular velocity, which are measured using an accelerometer and gyroscope, respectively. Furthermore, it is designed to be wearable, easy-to-operate, and inexpensive, and it transmits wirelessly to the laptop through VOLUME 6, 2018 a Bluetooth module. To fulfill these purposes, the MTD comprises a 600 mAh Li-polymer battery, microprocessor (Arduino Pro Mini, Arduino.cc, Italy), three-axis digital accelerometer (ADXL345, Analog Devices, United States), three-axis digital gyroscope (L3G4200D, STMicroelectronics, Switzerland), three-axis digital magnetometer (HMC5883L, Honeywell, United States), infrared sensor (VCNL4000, VISHAY, Germany), and Bluetooth module (Mate Silver Retail RN-42, SparkFun Electronics, United States). Fig. 2(a) illustrates the system architecture of the MTD, and Fig. 2(b) depicts the exterior of the MTD, whose dimensions are 182 mm × 2827 mm 2 . These electronic components are mounted in a cylindrical jar that can be grasped easily. The microprocessor operates firmware that is coded in C language and receives raw data from the accelerometer, gyroscope, and infrared module via an inter-integrated circuit (I2C) interface, and then transmits these data to the Bluetooth module via a universal asynchronous receiver/transmitter (UART). The Bluetooth module is fully compliant with the Bluetooth v2.1+ endpoint detection and response (EDR) specification, and its baud rate is 115200 bps. The acceleration and angular velocity of the patients' movements can be used to calculate the trajectory of their hands and the angles of forearm pronation and supination. Additionally, the infrared sensor can detect whether the jar is lifted off the table. The infrared module uses an infrared LED to detect the distance between the MTD and the table, and the effective sensing distance is nearly 200 mm. Because the frequency of human movement is usually approximately 10 Hz [18] , [19] the sampling rate of the MTD was set to 20 Hz.
B. ELECTROENCEPHALOGRAPHY DEVICE
The EEG device [20] , [21] was developed and provided by Prof. Bor-Shyh Lin (Institute of Imaging and Biomedical Photonics and Brain Research Center, National Chiao Tung University, Taiwan). It was designed to monitor the brain activity of the patients in real time and can be worn on the patients' bodies. As noted earlier, this device is wearable, light, and inexpensive, and supports wireless transmission. The dimensions of the device are 106 mm × 63 mm × 37 mm. Fig. 3 (a) and (b) show photographs of the printed circuit board (PCB) inside the device and of its exterior, respectively. Additionally, the device is a wireless multichannel EEG acquisition module with four main components: a frontend amplifier circuit, microprocessor, Bluetooth module, and battery. The front-end amplifier circuit amplifies and filters signals acquired from the EEG electrodes, after which the microprocessor digitizes those signals, acts as a low-pass filter, controls the peripheral circuits, and sends the EEG data to the Bluetooth module.
The front-end amplifier circuit includes an instrument amplifier and high-pass filter. The gain of this circuit was set to 5000 in the frequency band 0.1-150 Hz. An ultralow-power 16-bit reduced instruction set computing mixed-signal microprocessor was used as the microprocessor, which provides 8-channel, 12-bit successive approximation register analogto-digital conversion (SAR ADC). When the EEG signal was acquired and amplified, it was digitized by the SAR ADC in the microprocessor. The sampling rate of the ADC was set to 512 Hz. Before the EEG signal was transmitted to the Bluetooth transmission circuit, the microprocessor passed the EEG signal through a moving average with a cutoff frequency of 56 Hz to reduce power-line interference. The Bluetooth transmission circuit included a PCB antenna and Bluetooth module, which was fully compliant with the Bluetooth v2.0+ EDR specification. The microprocessor communicated with the Bluetooth module via the UART.
C. INTERACTIVE VITUAL REALITY GAME
The VR game is a shooting game that was based on the movements that are required in traditional rehabilitation, and was designed by psychiatrists and therapists. The game was developed using Unity (Unity 4.3.0f4, Unity Technologies, United States) and is based on C# programming language. In this experiment, it was run on a laptop with the Windows 7 64-bit operating system. Patients were tasked with loading the cannon and aiming and shooting at a ship. A screenshot of the VR game is shown in Fig. 4 . The whole movements of finishing a shooting action in the game are shown in Fig. 5 , and these movements of the game are similar to the movements in traditional rehabilitation.
Before the game starts, the MTD requires approximately 1 min to calibrate itself, which it does automatically on a horizontal table. During this time, patients are directed to grasp the MTD and make no other movement until the calibration is complete. After calibration, they have 5 s to perform their best pronation and supination movements with the affected forearm. This ensures that the range of location where the ship may appear and the positions of the cannon in the VR game are set according to the maximum angles of pronation or supination movement that a patient can perform. When the game begins, the patient has 25 s to load the canon, 10 s to aim it at the ship, and 5 s to rest before the next round. In the first stage, the patient holds the MTD and moves forward and backward to load the shell into the cannon; notably, they can save time by loading the cannon as quickly as possible.
The cannon fires automatically every 10 s, which means that the patients have to rotate the MTD to aim at the ship and then maintain their forearm and wrist positions for up to 10 s. The difficulty of the game (which is based on the range of location where the ship may appear) is adjusted automatically according to the hit rate. The range increases by 10% every 10 rounds if a patient's mean hit rate exceeds 80%; however, if the mean hit rate is less than 80%, the range does not change. The EEG data are not used to adjust the difficulty, but are used to evaluate an attention parameter, which triggers a display of visual and auditory stimuli when a patient is not concentrating on the game.
D. MOTION ALGORITHMS
One of the most crucial tasks in this study was the evaluation of the dynamic tilt angle of the MTD during gameplay.
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The MTD is an inertial measurement system, and previous studies have used the Kalman filter, complimentary filter, or quaternion method to determine the dynamic tilt angle of such systems. The Kalman filter is the most suitable option here because it can output data smoothly with the required accuracy [22] , [23] . The Kalman filter has two states-system state and measurement state-each of which is represented by an equation. The system state at time k is given by
where x k is the state matrix,
The angle θ is the output of the filter, and the biasθ b is obtained from the accelerometer and gyroscope measurements. The F matrix is the state transition model that is applied to the previous state x k−1 . In this study, F is defined as
Additionally, the B matrix is the control-input model, and is defined in this study as
The term u k is the control input that represents the gyroscopic measurement in degrees per second at time k; therefore, it is called the angular velocityθ. ω k is the process noise, which is a Gaussian-distributed function with a zero mean and covariance Q to time k, set as
where Q k is the process noise covariance matrix, which herein equals the variance of the estimate of the acceleration and bias. Specifically, Q k is defined as
The measurement state is given by
where z k is the measurement or observation of the true state x k , and is therefore given by the current state x k multiplied by the H matrix, plus the measurement noise v k . H is the observation model and the measurement is performed using the accelerometer. Therefore, H is given by
v k is the measurement noise, which is a Gaussian-distributed function with a zero mean:
where R equals the variance of the measurement and is defined as
In this study, the measurement noise is assumed to be independent of time k. Therefore,
According to these Kalman filter equations, the dynamic angle can be obtained from the acceleration and angular velocity measured from the MTD.
E. ATTENTION ALGORITHMS
The patients' attention level on the game is a crucial factor. To determine their attention states throughout the experiment, the theta/beta EEG power ratio (TBR) method [24] - [29] , based on the international 10-20 system (Fig. 6 ) [30] , was used. As presented in Fig. 6 , Cz is the position of the electrode (red), and A1 and A2 indicate the ground and reference points (black), respectively. For the eyes-open condition during our MTD-VR training sessions, the theta/beta EEG power ratio values in the eyes-open condition were calculated. After the EEG device receives a signal from Cz, the theta (4-7 Hz) and beta (13-18 Hz) waves are extracted using fast Fourier transform and a band-pass filter. The following equation yields the TBR value:
TBR= Power Strength of Theta Wave Power Strength of Beta Wave
Before beginning the game, the patients are asked to relax and stare at a point on the screen for 2 min. Subsequently, the threshold value is updated every 2 min. Fig. 7 shows the record of one patient's TBR. If the TBR is higher than the threshold, the patient is deemed to have inadequate attention focused on the game; conversely, lower TBR values correspond with higher attention levels, indicating higher beta power at that moment along with better attention. Generally, the baseline attention level of the stroke patient is lower, and therefore, the updated TBR threshold value for every 2 minutes is crucial to improve a patient's attention. If a group C patient's TBR twice surpassed the threshold value, the VR game transmitted visual and auditory stimuli to the patient and helped them focus on our game until their TBR fell below the threshold, indicating back to higher attention levels again.
III. EXPERIMENT DESIGN AND STATISTICAL ANALYSIS
Fifteen patients were recruited and randomly assigned to one of two experimental groups (B and C) and a control group (A) of equal size (N = 5) with the method of randomly permuted blocks (http://www.randomization.com). The inclusion criteria were as follows: all patients must have suffered a stroke, be between 30 and 70 years of age, be in the third to fifth Brunnstrom stage, and be able to partially move their forearms and wrists; moreover, both the patients and their relatives must have agreed to participate in this experiment. The exclusion criteria were symptoms of psychiatric disorders, severe intellectual disability, degenerative diseases, visual and cognitive deficiencies, or acute illness. When grouping the patients, the features of each group were balanced in terms of age, gender, time since stroke, affected side of hand, and FMA-UE scores [31] . The cut-off level of FMA-UE was based on the patient's performance in holding MTD set while playing our game, and patients were recruited if they were able to perform our forearm task with their affected arm (lowest score for FMA-UE was 27 points). Our forearm task requires the capacity to diagonal movement (in and out), pronation and supination moving the MTD set (Fig. 5) .
The FMA-UE is the most widely used assessment of UE motor impairment in stroke rehabilitation research, and is specifically adopted to evaluate and measure recovery in poststroke hemiplegic patients [31] . The interrater-intrarater and test-retest reliability of the FMA-UE for testing motor performance has shown excellent intratester correlation coefficients in patients' upper extremities (p < 0.001) [33] , [34] . Additionally, the FMA-UE is conventionally considered a measure of proximal-to-distal and synergistic-to-isolated movement behavior [35] .
Before and after the experiment, the upper extremity functions of the patients were evaluated using the FMA-UE. The clinical experimental procedure is presented in Fig. 8 .
The experiment was conducted at Chang Gung Memorial Hospital, and written consent was obtained prior to the start of the experiment in accordance with the Helsinki Declaration. Approval for the experiment was granted by the Institutional Review Board of Chang Gung Medical Foundation (IRB No. 102-3680B). Three rounds of experiments were conducted every week for 4 weeks, and each round took approximately 35 min (two 15-min play periods interrupted by a 5-min rest period); a total of 12 sessions were completed for training. The group B patients played the VR game using the MTD, whereas the group C patients played the VR game using both the MTD and EEG device. Notably, the control group (group A) and both experimental groups had the same total rehabilitation time, and all of the patients performed the main training movements as those shown in Fig. 5 , including the diagonal movement (in and out), pronation and supination movements performed in the traditional forearm rehabilitation programs. Other functional tasks in the traditional forearm training programs were selected according to each patient's level of motor deficits, including turning pages of newspaper, opening a can, picking up a phone or using chopsticks, and so on. After finishing 12 sessions over 4 weeks, the FMA-UE scores for each patient were evaluated again and game information (e.g., the movement trajectory) was recorded to assess the rehabilitation effectiveness of all three groups and determine overall clinical improvement. Fig. 9 (a) shows a patient who is performing the experiment, and Fig. 9 (b) and (c) show the position of Cz.
Furthermore, the quality of group C patients' performance was assessed based on the ability of those patients to enhance their attention by reducing the EEG-feedback parameter (TBR) during the training sessions. The training sessions were considered successful if a patient could reduce his or her mean TBR during the training sessions to less than 1.5. Additionally, individual mean hit ratios were correlated with individual TBRs.
Data obtained from the statistical analysis are expressed as mean ± standard deviation in all tables, and mean ± standard error of the mean (SE) in all figures. Clinical characteristics before the intervention and baseline motor function between the three groups were compared using one-way analysis of variance (ANOVA) for parametric data (age, time since stroke in months, and FMA-UE scores) to confirm similar baselines prior to beginning the experiment. In each patient group, changes in FMA-UE scores (before vs. after training) were analyzed using the repeated-measure ANOVA test. Following the 12 training sessions, the Pearson's correlation coefficient test was performed on five patients in group C to reveal the relation between TBRs and hit ratios; this relationship was then generalized across all of the patients. Furthermore, Pearson's correlation coefficients were determined and a scatter plot was charted to demonstrate the relationship among improvement in FMA-UE scores, increase of hit ratios, and decrease of TBRs (100 * [the data in the 12 sessions -the data in the first session]/the data in the first session (%)]) in the group C patients. Pearson's correlation coefficients were also determined, and another scatter plot was charted, to show the relationship between improvement in FMA-UE scores and changes in hit ratios in the group B patients. Any significant interactions that emerged were then explored using contrast tests that compared mean scores across time periods (before vs. after training) for each of the three groups. All statistical analyses were performed using SPSS (SPSS version 21.0, SPSS Inc., United States) and a p value of less than 0.05 was considered to be statistically significant. The normal distribution test was performed on each parameter before the data analysis for parametric statistics.
IV. RESULTS
The clinical characteristics of all patients in the three groups are presented in Table 1 . Notably, differences in the clinical characteristics based on age and time since stroke were insignificant (one-way ANOVA, p = 0.54 and p = 0.53, respectively). Table 2 shows the FMA-UE scores for pre-and post-training evaluation of all patients in the three groups. However, clinical improvement of the patients' motor impairment, based on the differences in their FMA-UE scores, were also insignificant (one-way ANOVA, p = 0.98). Table 3 shows the results of the ANOVA with repeated measures for the FMA-UE scores. A significant main effect was found for ''time'' (within group factor, F[1,12] = 34.15, p < 0.001), indicating that many patients had increased FMA-UE scores. Additionally, a nonsignificant main effect was found for ''group'' (between-group factor, F [2, 12] = 0.08, p = 0.92), indicating that no group differences regarding FMA-UE scores occurred between these two time points. Finally, a significant ''group × time'' interaction was identified (F[2,12] = 4.64, p = 0.032), which suggests an interaction between group and time period and confirms that FMA-UE scores are different among the groups preand post-training. Further analyses were subsequently conducted to refine the results of the control group and the two experimental groups, and to more accurately understand the increased FMA-UE scores after training. The major findings are presented in the following paragraphs.
First, the FMA-UE scores of the patients in group C significantly improved compared with the scores of control group (p = 0.036, post-hoc test; Fig. 10 ), whereas the FMA-UE scores of the patients in group B nonsignificantly changed compared with the control group (p = 0.17, post-hoc test).
The improvement of FMA-UE scores ( FMA-UE, %) in all three groups were determined using the following equation, (13) as shown at the bottom of this page.
A comparison of the improvement in FMA-UE scores is shown in Fig 11. The FMA-UE is presented to normalize and correct the improvement of all patients, and thus represent their true improvement; it is also the most feasible way to confirm the improvement of FMA-UE scores in group C, compared with the scores in groups A and B. Specifically, we determined that there was significantly increased improvement in group C compared with the improvement in group A (p = 0.007, ANOVA with contrast test, t[12] = 2.88) and group B (p = 0.04, ANOVA with contrast test, t[12] = 1.92). However, no significant difference was found between the improvement in group B and that in group A (p = 0.18, ANOVA with contrast test, t [12] = 0.96). The 12 training sessions comprised the entire experiment for each patient in groups B and C. Matlab software (Matlab 2012b, MathWorks, Inc., United States) was used to design the graphical user interface that displayed and analyzed the processed data, such as the trajectory and rotation of each patient's forearm during the VR game. The game performance of the patients in groups B and C, indicated by their hit ratios from the 12 sessions, was averaged, and is summarized session by session in Fig. 12 . The thin line FMA − UE = FMA-UE score (after training) − FMA-UE score (before training) FMA-UE score (before training) × 100% (13) VOLUME 6, 2018
represents the hit ratios in group B, and the thick line represents the hit ratios in group C. Notably, the mean hit ratio rose progressively session by session among group B patients (Spearman's rho = 0.23, p = 0.08, two-tailed) and significantly among group C patients (Spearman's rho = 0.33, p = 0.01, two-tailed). Moreover, the mean TBR nonsignficantly decreased session by session among group C patients (Spearman's rho = −0.13, p = 0.32, two-tailed). Fig. 13 shows a scatter plot of the hit ratios and TBRs for the patients of group C in all 12 sessions. Notably, reduced TBRs, which indicate an increased attention level, were significantly associated with elevated hit ratios when controlling for the session number (partial correlation, pr = −0.29, p = 0.02). Fig. 14 (a) and (b) present two more scatter plots, which reveal the correlation between the hit rate (the increase of hit rate) and FMA-UE (the improvement of FMA-UE scores) in groups B and C, and the correlation between the TBR (the decrease of TBR) and FMA-UE and between the hit rate and FMA-UE in group C, respectively. Each plot is also fitted with linear trend lines, and the coefficient of determination is indicated. Specifically, the thin line in Fig. 14 (a) reveals a significant correlation between the hit rate and FMA-UE in group C (r = 0.86, p = 0.03, one-tail), whereas the gray line reveals a nonsignificant correlation between the hit rate and FMA-UE in group B (r = 0.70, p = 0.09, onetail). In Fig. 14 (b) , the thin line is equal to the thin line shown in Fig. 14 (a) , and the dashed line reveals a significant correlation between the TBR and FMA-UE in group C (r = −0.78, p = 0.05, one-tail). 
V. DISCUSSION
To the best of our knowledge, the rehabilitative system proposed here is a pioneering system that combines a MTD, VR game, and EEG device to investigate the effect of sustained attention level on the rehabilitation of patients' upper extremities following a stroke. Distinct from traditional VR rehabilitation systems, our customized MTD provides weight stimulation, exact control, motion trajectory recording, and wireless transmission; it is also comfortable and easy for user to hold the MTD to operate the VR game. Moreover, the EEG device is wireless, reduced to a single position on Cz, and easy to use. In short, the proposed system offers several advantages for home rehabilitation post-stroke.
To demonstrate that rehabilitation training through a VR game and attention level monitoring is better than only a VR game and traditional rehabilitation, this study examined two experimental groups and a control group. The mean differences in the FMA-UE scores of all groups increased (Table 2) . Based on Figs. 10 and 11, pretest and posttest FMA-UE scores in group C differed significantly, and was higher than that between the control group and group B. The improvement of FMA-UE scores ( FMA-UE, %) in all three groups also demonstrated that the improvement of FMA-UE scores significantly increased in group C, compared to scores in the control group and group B. Therefore, the sustained attention level, as ensured by our MTD-VR-EEG system in group C patients, may have played a crucial role in yielding higher FMA-UE scores, compared with the other groups. Furthermore, group C patients had higher hit ratios and demonstrated significantly improved clinical performance in their upper limbs compared with the patients in group B (Fig 12-14) .
The hit rate and FMA-UE scores of the group B patients suggests that an interactive VR game and MTD device helps patients achieve a slightly improved (approaching significance) clinical FMA-UE performance after 12 training sessions ( Fig. 14 (a) ), compared with patients who received traditional rehabilitation. However, these same scores of the group C patients suggests that our novel MTD-VR-EEG system helps patients achieve a significantly improved clinical FMA-UE performance after 12 training sessions ( Fig. 14 (b) ), compared with patients who received traditional rehabilitation.
The results in Fig. 13 and 14 also demonstrate that decreased TBRs were associated increased hit ratios. Unlike patient responses to the VR game when only a MTD was provided (group B), their responses in the MTD-VR-EEG system (group C) indicate that the group C patients have lower TBRs, higher hit ratios, and more focused attention states. These results indicate that there may be substantial heterogeneity within patients who have received a diagnosis of stroke. Although the present study did not investigate differences in multichannel EEG recording at the individual level, distinct EEG differences were noted as the group level. These results suggest that the high-achieving patients in groups B and C may have had different underlying electrophysiological characteristics after training (e.g., obviously changing to attention networks or resting state networks). These data support the proposed MTD-VR-EEG system and its development into a valid and reliable tool for research.
In addition, the higher TBRs and lower hit ratios in some patients could have been attributed to several mechanisms. For example, despite the insignificant hit ratio changes in some of the patients in groups B and C, all of the patients completed 12 sessions and all performed better overall in the second half of the experiment (sessions 7-12 sessions) compared with the first half of the experiment (sessions 1-6) (Fig. 12) . Therefore, more than 12 training sessions may be beneficial to those performers with lower attention levels. Moreover, after regularly visiting the laboratory for 1.5-2 months, the patients became accustomed to the environment; thus, they were less stressed during later sessions compared with earlier sessions, which might lead to more effective performance and higher hit ratios during that time. Furthermore, patients' brain-computer interface (BCI) illiteracy can be a marked problem. Although BCI provides an alternative means of communication for people with motor impairments, as well as tools for rehabilitation, not everyone benefits from these advantages. Research has indicated that BCI illiteracy may be caused by psychological, structural, and cognitive factors, and that nearly 20% of people cannot communicate successfully through BCI [36] . These factors and mechanisms determine individuals' performance and illiteracy in popular BCI paradigms. For example, Polich [37] and Conroy and Polich [38] argued that up to 10% of people do not produce P300 brain waves (which are key components of attention); these people may therefore have difficulty using P300-based BCI.
The next steps in this area of study are to recruit more stroke patients and to confirm the findings herein through randomized control trials. A graphical user interface could also be developed to make the proposed system more user-friendly.
VI. CONCLUSIONS
This study presented a novel system for upper-limb poststroke rehabilitation and recording relevant information; the system integrates a MTD, EEG device, and VR game. The MTD detects the motion trajectory of a user's hand, and records their hit ratios while they play the game. Meanwhile, the wireless EEG device monitors users' attention level toward the game, and sends feedback accordingly to stimulate the users when their attention level becomes too low. The difficulty of the interactive VR game is also automatically adjusted during gameplay. According to the results of this study, our MTD-EEG-VR training system may effectively assist patients with upper-limb rehabilitation. Based on their improved attention levels, which were associated with higher game performance during 12 training sessions, our MTD-EEG-VR training system may improve patients' FMA-UE performance of motor function and assist patients in upper-limb rehabilitation. Thus, our MTD-EEG-VR training system may offer a better way to rehabilitate patients post-stroke.
Our future research is expected to include more clinical data (which will enable us to build a reliable evaluation system), different games for various rehabilitation movements, and more follow up on some potential key factors of the experiment (e.g., increasing training sessions and evaluating clinical performance 3 or 6 months later). With this additional study, we hope to confirm the enhanced effectiveness of our novel system for upper-limb post-stroke rehabilitation. HSIU-CHI HSU received the B.S. degree in computer science from Chung Yuan Christian University, Taoyuan City, Taiwan, and the M.S. degree in computer science from National Taipei University, New Taipei City, Taiwan. He is currently an Advanced Engineer with the Department of Physiological Electronic, Sunplus Technology Co., Ltd. His research interests include embedded system and rehabilitation system. VOLUME 6, 2018 
